Abstract-In this paper we analyze the sum rate of zero-forcing (ZF) precoding in MISO broadcast channels with limited feedback, transmit correlation and path loss. Our analysis assumes that the number of transmit antennas M and the number of users K are large, while their ratio remains bounded. By applying recent results from random matrix theory we derive a deterministic equivalent of the signal-to-interference plus noise ratio (SINR) and compute the sum rate maximizing number of users as well as the limiting sum rate for high signal-to-noise ratios (SNR), as a function of the channel errors and the channel correlation pattern. Simulations show that theoretical and numerical results match well, even for small system dimensions.
I. INTRODUCTION
The capacity achieving precoding strategy of the Gaussian MIMO broadcast channel based on the non-linear dirty-paper coding (DPC) technique [1] . But so far no efficient practical algorithm implementing the optimal DPC scheme has been proposed. Therefore, low complexity linear precoding strategies have gained a lot of attention since they achieve a large portion of the rate region at moderate complexity. A classical linear interference mitigating scheme is zero-forcing (ZF) precoding which has first been analyzed in the context of MIMO broadcast channels in [2] .
In this contribution we consider a system where both the number of transmit antennas M and the number of users K are large but their ratio @MA,M=K is bounded. We extend the models of [3] - [5] by considering imperfect channel state information at the transmitter (CSIT), transmit correlation as well as different path losses of the users. With the aid of recent tools from random matrix theory (RMT), we derive a deterministic equivalent of the signal-to-interference plus noise ratio (SINR) of ZF precoding which is independent of the individual channel realizations. From the deterministic equivalent of the SINR we determine the sum rate maximizing number of users. Notation: In the following boldface lower-case and uppercase characters denote vectors and matrices, respectively. The operators @¡A H , tr@¡A and, for of size N¢N, r@A, I N tr denote conjugate transpose, trace and normalized matrix trace, respectively. The expectation is E¡ and dig@x I ; : : : ; x N A is the diagonal matrix with elements x i on the main diagonal.
The N ¢N identity matrix is s N and az is the imaginary part of z PC. In present work we are interested in deterministic equivalents of expressions of the form m B N ;Q N @zA a r N @f N zs n A I (2) where N PC n¢n is a Hermitian positive definite matrix and f N PC n¢n is of the type
where N P C N¢N is nonnegative definite Hermitian, N P C n¢n is diagonal and N P C n¢N is random with independent and identically distributed (i. 
In this paper we consider ZF precoding i.e. 
where r is the estimated channel matrix available at the transmitter and the scaling factor is set to fulfill the power constraint (9) . From (9) we then obtain 
The received symbol y k of user k is given by log @I C k;zf A nts=s=rz: (13) Under the assumption of a rich scattering environment the correlated channel can be modeled as [8] - [10] r a v I=P ¢ I=P (14) where P C K¢M has i.i. r. Furthermore, we suppose that and are mutually independent as well as independent of the symbol vector s and noise n. A similar model for imperfect CSIT has been used in [11] - [13] .
IV. DETERMINISTIC EQUIVALENT OF THE SINR
In the following we derive a deterministic equivalent k;zf of the SINR k;zf of user k for ZF precoding. That is, k;zf is an approximation of k;zf independent of the particular realizations of and .
In [6] we derived a deterministic equivalent for regularized ZF (RZF) precoding. The same techniques as for RZF, cannot be applied for ZF, since by removing a row of r the matrix r H r becomes singular. Therefore, we adopt a different strategy and derive the SINR k;zf for ZF of user k and > I as k;zf a lim 3H k;rzf . The result is summarized in the following theorem. 
almost surely, where k;zf is a deterministic equivalent of k;zf and given by k;zf a I P l k P " § C " 
For P H; I, > I we have w ! I and x P e I ; IA.
In this case @xA is a single-valued function. If a H, we obtain the results in [5] . Note that only rational values of are meaningful in practice. If the transmit antennas are spaced sufficiently apart the major loss in sum rate is due to path loss, cf. Figure 1 . Therefore, it is of interest to characterize the sum rate gap R ¡ between a user distribution F L and equally distant users vas K . For a fixed and with P aH, we have
Although " © induces a significant loss in sum rate, we still log r mx for a fixed r min .
VI. NUMERICAL RESULTS
In our simulations all results are averaged over 10,000 independent Rayleigh block-fading channel realizations.
The transmit correlation is assumed to depend only on the distance d ij , i; j a I; P; : : : ; M between antennas i and j placed on a uniform circular array (UCA). Thus, @¢A ij a t H @Pd ij =A [15] , where t H is the zero-order Bessel function of the first kind and is the signal wavelength. To ensure that M grows slower than O@MA, we suppose that the distance between adjacent antennas d a d i;iCI is independent of M,
i.e. as M grows the radius of the UCA increases.
Furthermore, we consider that the users are distributed uniformly on a ring with r mx aSHHm and r mx aQSm with aQ:S, [16] ("Suburban Macro") and s.t. rvaI. K <M that maximizes the ergodic sum rate, when distributed uniformly over the ring defined above. It can be observed that K ? predicted by the asymptotic results does fit well even for finite dimensions. Moreover, introducing correlation and path loss leads to larger dispersion of the optimal K over the selected SNR range. Figure 3 depicts the impact of the number of served users on the ergodic sum rate. It can be observed that K ? achieves most of the sum rate even for finite @K; MA and thus, is a good choice for the user allocation at the transmitter. Moreover, we observe that adapting the number of users is beneficial compared to a fixed K. From Figure 2 we identify K aV as a good choice (for P aH:I) and, as expected, the performance is optimal in the medium SNR regime and suboptimal at low and high SNR. The situation changes by adding correlation and path loss. Since K a V is highly suboptimal for low and medium SNR (cf. Figure 2) we observe a significant loss in sum rate in this regime.
VII. CONCLUSION
In this paper we derived deterministic equivalent of the SINR of ZF precoding by applying recent results from random matrix theory. These approximations are shown to be very accurate even for finite dimensions and thus provide useful tools for many engineering applications. In particular the approximated sum rate enabled us to derive expressions for the optimal number of users in the cell and to characterize the impact of a spatial user density on the achievable sum rate.
